Plastics is a group of materials commonly encountered on a daily basis by many people. They have enabled rapid, low-cost manufacturing of products with complicated geometries and have contributed to the weight reduction of heavy components, especially when produced into a foamed structure. Despite the many advantages of plastics, some drawbacks such as the often fossil-based raw-material and the extensive littering of the material in nature, where it is not degraded for a very long time, needs to be dealt with. One way to address at least one of the issues could be to use polymers from nature instead of fossil-based ones. Here, a β-glucan concentrate originating from barley was investigated. The concentrate was processed into a foam by hot-melt extrusion, and the processing window was established. The effect of different blowing agents was also investigated. Water or a combination of water and sodium bicarbonate were used as blowing agents, the latter apparently giving a more uniform pore structure. The porous structure of the foamed materials was characterized mainly by using a combination of confocal laser scanning microscope and image analysis. The density of the samples was estimated and found to be in a similar range as some polyurethane foams. A set of 3D parameters were also quantified on two selected samples using X-ray microtomography in combination with image analysis, where it was indicated that the porous structure had a pre-determined direction, which followed the direction of the extrusion process.
Introduction
Plastics is the collective term used for a large number of polymeric materials which has become indispensable in our society during the past century. Plastics have contributed to the possibilities of weight reductions in the construction and transportation sectors and also to the reduction of waste of food in various packaging applications, they have enabled us to produce shapes and geometries which were unimaginable before and it has reduced production time and cost in the manufacturing industry. More recently, however, some negative side effects of our extensive use of fossil-based plastics has been brought to attention. In addition to an often fossil origin of the polymers, littering and leaching of small plastic fractions to the environment, in combination with its nonbiodegradable nature, has proven to be a growing problem which must be solved [1] [2] [3] . One way to approach a solution could be to use natural or bio-based polymers.
One of the most important and commonly used techniques to produce a wide range of plastic products is hot-melt extrusion, or simply extrusion. The technique is continuous and by defining the processing parameters, the properties of the extrudate can be tailored. Extrusion is most commonly used to produce circular geometries such as tubes and cables, or flat sheets such as films and plates. But as already mentioned, extrusion is a versatile technique and can for example also be used in foaming applications. By adding a blowing agent, such as a liquid or a gas, the pressure builds up and hence the pressure drop created over the nozzle can be used to tailor the porosity of the material. Also the choice of blowing agent, or a combination of different ones, can be used as a method of controlling the pore size distribution and the connectivity.
The polymeric material in this study originated from a specific fraction of barley. The material is a combination of several components and it is generally referred to as a dietary fibre, here it will be referred to as a β-glucan concentrate. β-glucan is a hemicellulose, and is the most common non-starch component in the cell wall of cereal grains such as oat and barley [4] . The material is water soluble and its structure is based on a glucose chain connected by β-(1→3) and β-(1→4)-linkages. When working with natural polymers the consideration of competition for food production has to be taken into account. Although β-glucan is used commercially in some food products, mainly with the aim of lowering the low-density lipoprotein (LDL) cholesterol in the blood [5] [6] [7] , this β-glucan commonly originates from oat. The majority of the barley β-glucan is used as animal feed [4] .
The rheological properties of the water-containing β-glucan concentrate at high temperatures in both shear and extension were examined previously. These properties were found to be in the same range as some conventional plastics and it was concluded that from a rheological point of view, the material would be suitable for extrusion [8] , which is the focus of the present study.
The aim of the present work was to indicate a processing window for extrusion foaming for the β-glucan concentrate in terms of processing parameters and water content. The foaming ability of the material was described in terms of the porosity (density) and the pore size distribution. The water in the β-glucan concentrate acted as a blowing agent (in the form of steam at higher temperatures), but the effect of additional blowing agents, such as sodium bicarbonate and citric acid, on the foaming behaviour was also investigated.
Experimental

Materials
For the extrusion experiments, a β-glucan concentrate by the name "Lyckeby beta-glucan fiber DF 25" was used. The concentrate was kindly supplied by Lyckeby Starch AB (Sweden). The β-glucan originated from barley and the composition of the concentrate, as given by the supplier, is shown in Table 1 .
Sodium bicarbonate was purchased from VWR International (USA) and citric acid from Merck (Germany) and they were used as received.
Methods
Preparation of the Material
The β-glucan concentrate in powder form was mixed with water and in some cases sodium bicarbonate and citric acid for about 2 min in a kitchen food processor (Bosch, Germany). As mentioned, these three components were the blowing agents. The added amount of water was 30% by weight to the β-glucan concentrate weight for batch 1 and 2, and the actual water content was determined gravimetrically in the pellets before extrusion. Sodium bicarbonate, 5% by weight based on the weight of the β-glucan concentrate (not considering the water weight), was added in some cases. For the samples containing citric acid, an equal amount (by weight) of citric acid as sodium bicarbonate was added. Here, the added water content was adjusted and 30 wt-% was added based on the total weight of all the other three components. Table 2 shows a summary of the content of the three different batches of the material produced. The water content in the β-glucan concentrate in powder form, measured before any treatment, was about 7 wt-%.
When referring to a material from one of the different mixing conditions, it will be denoted B1, B2 or B3.
Extrusion of Pellets
The prepared materials were extruded using a single-screw extruder (Brabender stand-alone extruder, E 19/25 D, Germany). A compression screw (3:1 compression ratio) with the diameter D = 19 mm and the length L = 25D was used e to compact and properly mix the components together into a cohesive string. The extruder had four individually controlled heating zones, three in the extruder barrel and one in the die. For the pellet production the temperatures were set to 30 °C in the first (feeding) zone and 60 °C in the remaining three. A die with a diameter of 3 mm and a rotational speed of 80 rpm was used for the extrusion. The extruded strings were then pelletized with a granulator (SG 10 Ni Dreher, Germany) and the pellets were kept in air tight plastic bags and frozen, in order to preserve their moisture content, until further used.
Extrusion Foaming
The pellets were defrosted and the samples were taken for analysis of their moisture content before the extrusion foaming. The diameter of the die was kept at 2 mm throughout the experiments. The temperatures of the three heating zones in the barrel were set to 70, 85 and 105 °C respectively from the feeding zone to the final zone before the die. The temperature of the die zone was varied between 110, 130 and 150 °C and the screw rotational speed was varied between 30, 80 and 120 rpm as shown in Table 3 . Samples were taken at the different test conditions and the moisture content of the extrudates was determined by placing the samples in an oven at 105 °C while recording the weight until it was stable. The sample notations in Table 3 refer in the following to the produced foams. After the extrusion, samples were collected and stored in a freezer, before further evaluation by microscopy and X-ray microtomography.
Microscopy
The extruded β-glucan foamed strings were cut into about 2 mm long pieces with a surgical-stainless steel blade and placed flat with the cross-sectional surface down on a thin glass cover. At least 8 samples of each direction, were used for every experiment. A Leica TCS SP2 (Leica Ltd, Heidelberg, Germany) confocal laser scanning microscope (CLSM) was used to obtain micrographs of the samples. The magnification used was 5X and the the numerical aperture of the objective was 0.12. The image format was 1024 × 1024 pixels 2 and the pixel size was 2.9 µm. Due to the auto-fluorescent nature of the samples, no additional staining was required.
Image Analysis
The images from the CLSM were post-processed using the image processing package Fiji, distributed by ImageJ2 [9] . First, a median filter was applied, thereafter the image was made binary. As a last step an open-and a closing-operation was performed to combine pores and eliminate very small elements.
The binary images were then evaluated by an automatic measuring program using the software AxioVision E64 Rel. 4.9.1 by Carl Zeiss (Germany). In the program, all pores are identified and their diameter measured. All elements containing less than 100 pixels were excluded. By evaluating the average diameter of each sample, the expansion of the extrudate area, as compared to the die area, could be calculated. The reported number of pores refers to an average number of pores per cross-section examined. The average pore area, which in a sense can be regarded as the porosity, is calculated as a percentage of the pore area to the total crosssection sample area. All numbers reported on are averages from 5 cross-sectional images examined.
Density Evaluation
The apparent density of the foamed samples was evaluated by weighing samples and approximating their volume. Pieces were cut from the extruded strings and the weight was recorded using a balance (Mettler Toledo AG285, USA). The length of the cut piece was measured by calipers and the diameter was taken as the average diameters of the samples from the microscopy study.
X-Ray Microtomography
X-ray microtomography a is non-destructive 3D imaging technique, which was hereby applied on only two samples (B1-6 and B2-6, i.e. samples produced at a temperature of 130 °C and with the rotational speed 120 rpm, with and without sodium bicarbonate, respectively) for visualizating and quantifying certain extrusion-related properties and sample characteristics occurring in 3D. The samples were scanned using a ZEISS Xradia 520 Versa system (Carl Zeiss, Germany) at the 4D Imaging Lab at Lund University. The scanning parameters were the following, source-voltage: 50 kV, source power: 4W, exposure time: 1 s, number of projections: 1601, 4x optic with a sample-to-detector distance: 13.04 mm, Field-of-View (FOV): 3.65 × 3.65 mm 2 and effective isotropic pixel size: 3.6 µm. The linear X-ray attenuation coefficient (LAC) [cm −1 ] was reconstructed on a 16-bit grey level scale using the manufacturer-supplied reconstruction software.
Quantitative 3D Image Analysis
The reconstructed slices contained three well-separated peaks, associated to air (weekly absorbing part), β-glucan (average absorbing part) and a high-absorbing part (likely associated with residual cell wall material), which were separated using standard grey-level thresholding in Fiji [9] , whereinafter they were analysed using the Pore3D software package for quantitative analysis of porous media [10] . A test for finding the Representative Volume of Interest (RVI) [11] revealed an optimal VOI size of 1.26 × 1.26 × 1.26 mm 3 . Hereinafter, two representative VOIs (Volume Of Interest) per sample were chosen inside the sample, far away from sample edges. The extracted VOIs were used to quantify a set of descriptive 3D image parameters, such as Percentage Volume (%), Isotropy index (-), Connectivity Density (Conn.D) (mm −3 ), which provides a quantitative number on how well-connected a structure is, and pore sizes (µm), as quantified by inscribing virtual 'blobs' and quantifiying their diameter, as further described in [10, 12] .
Visualization
All 3D volume renderings of both the entire samples and extracted VOIs were performed using the Drishti package for visualization of volumetric datasets [13] .
Results and Comments
Moisture Content
The moisture content of the pellets was measured after the pelletizing, freezing and defrosting steps. The moisture content of each sample was also determined after the extrusion foaming. All the measured values are given in Table 4 .
The reason for the quite large water content present in the samples even after extrusion is due to the hygroscopic nature of the material. As already mentioned, the measured water content in the β-glucan concentrate in powder form, before any treatment, was about 7 wt-%.
The moisture content was reduced with increasing temperature and residence time in the extruder (as was expected). The only exceptions were observed for specimens B2-1 to B2-3 for which the water content actually decreased with increasing rotational speed of the extruder screw. The difference is however not large and can probably be attributed to experimental scatter. A substantial amount of water (around 20%) was still at hand in most Table 4 The measured moisture content of the extrudates which contained only water (B1) as the blowing agent, the extrudates which contained water and sodium bicarbonate (B2) as the blowing agent and the extrudates which contained, water, sodium bicarbonate and citric acid (B3) as the blowing agent of the foams after the extrusion. The water content is however expected to decrease to about 7% (the water content of the β-glucan concentrate at room conditions), if let in the air to dry. The water content of the pellets before extrusion was unfortunately not recorded for the B3 pellets.
Microscopical Studies of the Foamed Structure
A significant difference in both the degree of expansion and the porosity could be observed when increasing the temperature and rotational speed of the extruder screw for batch 1 and 2 (B1 and B2), see Figs. 1 and 2. For batch 3 (B3), the differences were less pronounced, here only the temperature was changed, see Fig. 3 . Fig. 1 CLSM micrographs of extruded foams. To the left: sample produced using material and processing parameters B1-1. To the right: sample produced using material and processing parameters B1-7
Fig. 2 CLSM micrographs of extruded foams.
To the left: sample produced using material and processing parameters B2-1. To the right: sample produced using material and processing parameters B2-8 Some visual differences in foaming behaviour could be observed between batch 1 and 2 without further analyses. Even for the lowest temperature and rotational speed, samples from B2 exhibited some (although not very uniform) larger hollow areas, which could indicate the beginning of pore formation. Also for the higher temperatures and rotational speeds, a quite distinct difference can be observed between the two batches. Samples from batch 2, which also contained sodium bicarbonate as blowing agent, displayed a more uniform pore size distribution, often with more and smaller pores.
The foamed samples produced from batch 3 did not expand as much as samples from batch 1 or 2, see Fig. 3 . The pellets produced in the mixing step felt "dryer" and rougher than the pellets from the other two batches. Despite that the water content was increased for batch 3, the addition of the citric acid seemed to influence the properties of the compound, making it less plasticised. This likely hindered the expansion during the extrusion and even at higher temperatures; samples from batch 3 did not expand to a much larger diameter than the die. However, a slight increase in expansion was observed with the highest die temperature (170 °C).
Image Analysis of the Micrographs
Image analysis was applied to the micrographs obtained with CLSM and the results are shown in Table 5 .
Some clear trends can be seen; the expansion increased both with increasing temperature and with increasing rotational speed of the screw. This is exemplified at the lowest temperature (110 °C) in case of specimens B1-1 to B1-3 and B2-1 to B2-3 for which the expansion increased by an increasing rotational speed which is a consequence of the larger pressure drop over the die. Among the two batches, the B2 samples expanded more at the same processing conditions. For the middle temperature, 130 °C (B1-4 to B1-6, B2-4 to B2-6 and B3-1), a similar trend can be observed. The expansion at the lowest rotational speed, at the higher temperature, was lower than with the fastest speed at the lower temperature, i. e. 118% expansion at 130 °C and 30 rpm as compared to 179% at 110 °C and 120 rpm (B2-4 and B2-3, respectively). In a sense the rotational speed seems to be more important than the temperature at this point. At 150 °C (B1-7 to B1-9, B2-7 to B2-9 and B3-2), the same behaviour is observed again. Also here, samples from batch 2 (with sodium bicarbonate) performed better than specimens from B1 and B3 and the greatest expansion of 197% is observed for sample B2-9, with a temperature of 150 °C and a rotational speed of 120 rpm. Overall, samples from batch 3 expanded poorly and the results were significantly worse than for the samples from batch 1, containing only water. However, an increase in temperature still increased the expansion somewhat.
Looking at the number of pores in the samples, the trend is not as obvious. In general, the samples with a greater expansion exhibited a greater number of pores, but this is not true in all cases. It is noteworthy that the range of number of pores was much smaller for batch 2 than for batch 1. The perceived increased uniformity in the pore size distribution that was seen in the CLSM micrographs is thus confirmed by the image analysis. Furthermore, the often lower standard To the left: sample produced using material and processing parameters B3-1. To the right: sample produced using material and processing parameters B3-3 deviations in the number of pores for sample B2 indicates a more uniform distribution of pores.
One interesting observation is that for samples from batch 1, the pore diameters and the pore volumes appeared to increase with an increase in processing temperature. For samples from batch 2 however, the increase in diameter and volume of the pores tended to be more related to the rotational speed of the screw than to the processing temperature. For samples from batch 3, the size and volume of the pores was quite uniform and only increased slightly with increasing temperature.
Image Analysis of Microtomography Data Sets
The 3D-renderings of the entire and cut samples B1-6 and B2-6 are shown in Fig. 4 ; the specimens were produced at the same processing conditions but with (B2-6) and without (B1-6) the sodium bicarbonate as the additional blowing agent. For clarity, only one quarter of the volume element is shown here. Visually it can be seen that the use of sodium bicarbonate as for B2-6 resulted in a more porous sample, with smaller pores and a more uniform pore structure, than for B1-6. This observation is also confirmed by the quantitative 3D image analysis as reported in Table 6 , which was performed on the extracted VOIs, as exemplified in Fig. 5 in the case of B2-6. More in detail, sample B2-6 was roughly 20% more porous than sample B1-6, as highlighted by the Percentage Volume parameter. The opposite effect was naturally seen for the β-glucan part.
An isotropy index close to 1 indicates that there is 'no preferred direction', and consequently a value closer to 0 indicates that there is 'a preferred direction'.The isotropy index reported in Table 6 confirms that there is a slight preferred direction of the pores and the β-glucan phase in both samples. This observation is also confirmed by Fig. 4 , where it is shown that the preferred direction is aligned with the extrusion direction of the sample.
The quantified connectivity density parameter in Table 6 , reveals that both the porous and β-glucan parts were more connected in sample B1-6 than in sample B2-6. The connectivity of the structure is visually exemplified in Fig. 5e in the case of sample B2-6. It is also clear from the analysis that B2-6 has many more isolated non-connected skeleton branches (marked in orange in Fig. 5e ), which were excluded from the calculation of the connectivity density. Table 6 also shows indications of that the maximum pore size was larger in sample B1-6 than in sample B2-6. Table 5 The expansion (%) in comparison to the die diameter, the average number of pores per cross-sectional image taken, the average pore diameter (µm) and the pore volume per cross-sectional image taken (%) for the samples as obtained from the image analysis of the micrographs The standard deviation is presented next to each value Sample Expansion (%)
Density of the Foamed Extrudates
Density is a very important property when it comes to characterizing foams. The apparent densities of the extruded foams are shown in Fig. 6 . The density values were compared to an un-foamed (solid) sample consisting of only β-glucan concentrate mixed with water, having a total water content of 9%. The density of the un-foamed sample was 1.3 g/cm 3 which can be compared to sample B1-2 having the highest density of the foamed materials, being around 1.2 g/ cm 3 and sample B2-9 and sample B3-3 having the lowest values in the range of 0.55 g/cm 3 . These values are rather high compared to expanded polystyrene densities which usually attain very low values in the range of 0.015-0.030 g/cm 3 [14] . However, they are comparable to some reported values for polyurethane foams which are in the range of 0.1-0.7 g/ cm 3 , depending on the grade used [15] . The density of the non-porous sample corresponded quite well to reported densities of other hemicelluloses which ranged from 1.37 to 1.52 g/cm 3 [16, 17] . There was also a clear trend within each batch where the density decreased from sample B1-1 to B1-9, from B2-1 to B2-9 and from B3-1 to B3-3; i. e. with increasing processing temperature. This trend correlates with the porosity measurements, since the density is expected to decrease with an increased porosity.
Discussion
From the microscopy results, followed by the subsequent analysis of the images taken, it was clear that the foamed samples produced from batch 2 exhibited the greatest expansion and also a more uniform spatial distribution of the pores as well as a more uniform pore size distribution. Batch 1, which only contained water as the blowing agent, also performed reasonably well, although the expansion was about 10% lower than for samples from batch 2 and the pore size distribution was somewhat broader. The observation that the pores follow the extrusion direction, as quantified by isotropy index based on the µCT images, is also in line with the observations reported in [18] , where µCT was used to show that cellulose fibers in poly(lactic acid)/wood fibers bio-composites followed the orientation of the flow direction of the melt, which was correlated to the geometry of the die and the pressure in the extruder.
Samples produced from batch 3 performed worse in all aspects, except perhaps with regard to pore-size uniformity. Due to the poor expansion of these foams only the temperature was varied while the rotational speed was kept fixed at 80 rpm. The poor foaming was a bit surprising since sodium bicarbonate in combination with citric acid, has been shown to result in a greater expansion than sodium bicarbonate alone in some other studies. Fasihi et al. investigated the Fig. 4 3D volume reconstruction of the extruded β-glucan concentrate after applying virtual cut planes. For A, produced without sodium bicarbonate, the total sample height was roughly 3.6 mm and the entire sample diameter on average 2.6 mm (3.2 mm on the upper top in the widest direction). For B, produced with sodium bicarbonate, the total sample height was roughly 3.6 mm and the sample diameter on average 3.3 mm. The high absorbing part is seen (in blue). (Color figure online) 111 ± 46 -expansion of polypropylene (PP) samples and concluded that a combination of sodium bicarbonate and citric acid at a ratio of 56/44% by weight resulted in a greater expansion than sodium bicarbonate alone [19] . The exact degradation temperatures of sodium bicarbonate and citric acid are not easily obtained. Sodium bicarbonate has a broad decomposition temperature range and Soares and Nachtigall found the onset temperature of sodium bicarbonate to be as low as 116 °C, but with a maximum decomposition rate at 180 °C [20] . Some studies report decomposition temperatures of combined blowing agent systems of sodium bicarbonate and citric acid being in the range of 150-200 °C [21, 22] , whereas Scholz gave a decomposition temperature of citric acid between 153 and 170 °C [23] , Ruiz et al. found the onset temperature of degradation to be as high as 190-220 °C [24] . Therefore, in the event of the citric acid probably not being activated at 150 °C, the higher temperature of 170 °C was also tested for batch 3, but with a limited effect. The exact influence of the citric acid on the foaming of the system is at this point not fully understood. Wright and Frank reported on a similar encounter when 6 The apparent density for all the 21 foamed samples. The lowest obtained density was around 0.55 g/ cm 3 , whereas the more dense samples had values around 1.2 cm they investigated the effect of different blowing agents on poly(hydroxybutyrate-co-valerate) (PHBV) foaming. Citric acid was eliminated early in the experimental phase due to its lack of gas production and due to a thermal degradation of the PHBV at 160 °C [25] . One explanation for the lack of expansion when adding the citric acid could therefore be that the decomposition temperature of the substance is above where thermal degradation of the β-glucan concentrate starts. This does however not explain the hindering of the foaming by the sodium bicarbonate and water at lower temperatures.
On the other hand, a cross-linking effect of citric acid on certain starch-based systems has been reported on previously [26] [27] [28] . The cross-linking could take place at quite low temperatures, around 70 °C [27] . There is thus a possibility that the citric acid and the starch fraction in the β-glucan concentrate have formed cross-links which hinders the expansion of the material.
Another possible explanation for the lower expansion of foams produced with material from batch 3 could simply be the increased blowing agent content. The increased filler content, which, if not activated, could lead to a reduction of the cell wall extensibility. A similar trend was observed for starch-based systems where an adequate addition of sodium bicarbonate produced a more uniform expansion of the foams, whereas a high addition of sodium bicarbonate led to shrinkage of the material upon exiting the extruder, due to a lowered chain mobility [29] .
Conclusions
It was possible to produce foamed materials from the β-glucan concentrate by extrusion. The samples had a maximum expansion of about 160%, using only water as the blowing agent. By adding 5 wt-% sodium bicarbonate, the expansion could be increased to about 200% and at the same time the size and the spatial distribution of the pores became more uniform. Adding citric acid to the compound significantly reduced the expansion of the foams. This can perhaps be due to a high decomposition temperature of citric acid, exceeding the degradation temperature of the β-glucan concentrate, in combination with a reduction of the extensibility of the cell walls and a crosslinking of the compound. The most probable scenario is that multiple of the above mentioned effects influenced and hindered the foaming of samples containing citric acid.
